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Science goal requires DES to reach  z~1

for DES we want to spend ~50% of time in  z-filter (825-1100nm)
  Astronomical CCDs  are usually thinned to 30-40 microns (depletion):
Good 400nm response
Poor 900nm response

LBNL full depletion CCD are the choice for DECam:

–250 microns thick
–high resistivity silicon
–QE> 50% at 1000 nm 

higher efficiency for hi-z objects.

DECam wafer

DECam focal plane detectors

typical CCDs new thick CCDs
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➡ sub-electron noise CCDs
➡ fast readout for multichannel CCDs
➡ neutron imaging
➡ low background applications

infrastructure + people
➡ equipment at FNAL
➡ international collaborators
➡ additional support

research lines
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➡ sub-electron noise CCDs
➡ fast readout for multichannel CCDs
➡ neutron imaging
➡ low background applications
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Sub-electron readout noise

• Scientific CCDs commonly achieve noise of 2e- RMS 
(=7.2eV), 

• Currently look at two different approaches to push 
this limit:
• digital filtering of the low frequency noise
• skipper CCD

• Possible Applications:
• Low threshold experiment for Dark Matter
• Low threshold experiment for Neutrinos
• High resolution spectroscopy
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Sub-electron readout noise : digital filter
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eliminate RST noise.  Integration of reference 
and signal eliminated the high frequency noise. 
This works well, but makes the readout 
sensitive to low frequency noise (1/f).

This is the ultimate limitation on CCD noise, 
otherwise making it slower would always 
reduce the noise.
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Sub-electron readout noise : skipper
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Abstract—The readout noise for Charge Coupled Devices
(CCDs) has constituted the main limitation when using these
detectors for measuring small amplitude signals. A readout
system for a new type of scientific, low noise CCD is presented
in this paper. The Skipper CCD architecture, and its advantages
for low noise applications are discussed. A techique for obtaining
sub-electron readout noise levels is presented, and its noise and
signal characteristics are derived. Some experimental results that
confirm the low-noise performance of the proposed technique are
provided.

I. INTRODUCTION

Since its invention as a memory device, CCDs have been

widely used as imaging detectors because of their capability

to obtain high resolution digital images of objects placed in

front of it. Astronomy and spectroscopy applications have been

using this technology for more than 30 years encouraging

continuous improvements [1], [2]. Nowadays, scientific CCDs

are developed with high performance characteristics for visible

and infrared light detection, with quantum efficiencies above

90%, wide dynamic range with capability to handle signals

producing more than 100,000 e!, and spatial resolutions

around 10 µm [3]. However the readout noise (RN) caused by

the CCD output stage is still the main limitation when these

detectors are used for low signal detection or discrimination

of slightly different signals.

The RN is an error in the pixel value caused by electrical

noise added to the CCD video signal. The main source of this

electronic noise is the CCD output amplifier but the readout

system and the bias and clocks used for charge collection

and transfer do also contribute. The readout system is in

charge of recovering and digitizing the pixel value encoded

as the difference between two constant levels in the video

signal, so electronic noise fluctuations altering those levels are

interpreted as variations in the collected charge.

In this paper we describe a new Skipper CCD with sub-

electron RN [4] using a floating gate output stage technology

that allows for multiple sampling of the same pixel [5]. Some

promising experimental results are presented, achieving RN

levels of 0.6 e!.

Figure 1. Skipper CCD in a testing package mounted in a dewar at Fermilab.

The paper is organized as follows. In Section II, a brief de-

scription of the Skipper CCD is provided, and its output stage

is compared with the floating diffusion output stage commonly

used for standard CCDs. The capability of non-destructive,

multiple reading of the same pixel is also commented. The

typical sources of video signal noise are commented in Section

III, and the readout systems of standard and Skipper CCDs are

reviewed. Their frequency response is derived, and the Skipper

noise reduction technique is analyzed. Some experimental res-

ults, including applications for X-ray detection are commented

in Section IV. Finally, some concluding remarks are provided

in Section V.

II. SKIPPER CCD DETECTOR

This detector (Fig. 1) was developed by Stephen Holland

in Berkeley Laboratory in 2010 [6]. It is a ! -channel front

illuminated CCD fabricated on high-resistivity, " -type silicon.

A low density impurities implant in the " -region jointly with

a reverse bias voltage in a ohmic contact in the wafer back

side allows to operate the detector with a large fully depleted

transistor gate. In this case the voltage signal at the transistor

gate is

V =
Q

CJ + CP + CMOS + (CP + CJ)CMOS/COX
,

where COX is the new oxide capacitance of the floating

gate. The new term (CP + CJ)CMOS/COX in the equival-

ent capacitance reduces the amplitude of the voltage signal

available at the output node. From this equation it seems that

increasing COX is a possible solution for reducing the extra

capacitance, but it does not take into account the increase of

capacitance CJ as the gate area is increased. In actual designs,
COX is larger than CMOS , and smaller gate areas are used

to reduce the junction capacitance for a net increase of the

sensitivity. However, small gate area reduces the full well

capacity (maximum handling number of holes) so the size of

floating gate area results in a trade off between sensitivity and

full well capacity.

To explore how this variables are related and its impact on

the sensor performance, the Skipper CCD has been designed

with different gate areas for each amplifier (L1: 216 µm2, L2:
96 µm2, U1: 60 µm2, U2: 96 µm2).
Despite the extra capacitance, the sensitivity observed for

the Skipper detector is similar to similar detectors using float-

ing diffusion configuration, under the same testing conditions.

The charge-to-voltage conversion factor was estimated at 3.5
µV/e!.

C. Skipper operation

The main advantage of the floating gate output stage of the

Skipper CCD is its capability of performing multiple pixel

readings with minimum effect on the storage charge. The flow

of the charge is controlled by the SW, OG, and DG clocks

and the timing of these clocks signals for reading out the

same pixel three times are shown in Fig. 5. In t0 the charge
package is placed under the last H3 gate at the end of the

serial register. The SW clock goes down attracting the charge

pocket under its gate. After a few microseconds H3 goes high

and the charge remains completely stored under SW. At the

same time DG and RG go down to remove the previous pixel

charge from the channel and to set the new reference voltage

for the current pixel. In t1 the charge is transferred from the

SW to the sense node through the OG. The SW is set high

increasing its channel potential above the OG barrier so the

charge moves to the potential well set by the last reset pulse in

the sense node. At this point the charge produces a change in

the reference level at the output transistor gate that is reflected

as a step increment in the output video signal. The skipper

cycle continues when the holes are transferred backward again

to the SW in t2. This process is achieved moving OG and SW
to low level. As the SW sets a lower channel potential all the

charge goes directly under its surface and the OG just acts

again like a potential barrier to confine the charge, in this

case, under the SW. In t3, after the charge is moved out from
the sense node, the RG resets the floating gate to the Vref
voltage resulting in a new reference level for the new pixel

Figure 5. Skipper output stage and timing. .

sample. Using this sequence the pixel value is encoded as the

difference of two constant levels. The reference level is called

the pedestal level, and the second one the signal level.

By repeating t1, t2 and t3 cyclically, several measurements
of the same pixel can be performed. After reading the desired

number of samples, the pixel reading procedure is completed

when the charge is removed from the channel and the floating

gate is reset by the DG and RG pulse in t1, respectively. When
DG goes down, it leaves a potential path between the sense

node and the Vdrain ohmic contact for channel discharging.
The key point for the noise reduction algorithm is that the

noise is not correlated among samples, and therefore simple

averaging can be used for noise reduction.

III. OUTPUT NOISE AND READOUT SYSTEMS

Regardless of the type of CCD output stage, the pixel

measurement is differentially encoded between two constant

levels in the video signal, and the amount of charge could be

calculated simply by subtracting them. However, as the signal

is corrupted by electronic noise originated mainly in the output

transistor, more sophisticated readout methods should be used

to achieve low RN. There are two different mechanisms that

produce signal fluctuation, and each one is characterized by a

distinctive power spectrum density (PSD) and a different RN

contribution in the pixel value. These noise sources are:

• white (Johnson) noise, caused by random fluctuation of

free charges that are part of the transistor current;

• 1/f (flicker) noise, caused by traps in the output transistor
channel that catch and release moving charge for relat-

ively long periods, producing a noise with more power

at low frequencies.

new readout system that allows us to move the 
charge in and out of the sense node (floating 
gate). Getting multiple (~800) independent 
readouts of the same pixel.

It was tricky to tune (good to have a smart 
student with lots of time to look at this).
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Figure 5. Skipper output stage and timing. .

sample. Using this sequence the pixel value is encoded as the

difference of two constant levels. The reference level is called

the pedestal level, and the second one the signal level.

By repeating t1, t2 and t3 cyclically, several measurements
of the same pixel can be performed. After reading the desired

number of samples, the pixel reading procedure is completed

when the charge is removed from the channel and the floating

gate is reset by the DG and RG pulse in t1, respectively. When
DG goes down, it leaves a potential path between the sense

node and the Vdrain ohmic contact for channel discharging.
The key point for the noise reduction algorithm is that the

noise is not correlated among samples, and therefore simple

averaging can be used for noise reduction.

III. OUTPUT NOISE AND READOUT SYSTEMS

Regardless of the type of CCD output stage, the pixel

measurement is differentially encoded between two constant

levels in the video signal, and the amount of charge could be

calculated simply by subtracting them. However, as the signal

is corrupted by electronic noise originated mainly in the output

transistor, more sophisticated readout methods should be used

to achieve low RN. There are two different mechanisms that

produce signal fluctuation, and each one is characterized by a

distinctive power spectrum density (PSD) and a different RN

contribution in the pixel value. These noise sources are:

• white (Johnson) noise, caused by random fluctuation of

free charges that are part of the transistor current;

• 1/f (flicker) noise, caused by traps in the output transistor
channel that catch and release moving charge for relat-

ively long periods, producing a noise with more power

at low frequencies.

new readout system that allows us to move the 
charge in and out of the sense node (floating 
gate). Getting multiple (~800) independent 
readouts of the same pixel.

It was tricky to tune (good to have a smart 
student with lots of time to look at this).

Figure 7. Skipper CCD RN as a function of the number of samples.
Continuous line: RN measured from images. Dashed line: theoretical white
noise fit for the image RN.

integrated over the same time, the effective bandwidth and

the white noise rejection are the same. However, the Skipper

CCD has a higher rejection for high power, low frequency

components allowing a RN reduction even in presence of

1/f noise, and this rejection can be increased by merely

augmenting the number of averaged samples. While the DSI

curve moves to low frequencies while increasing integration

time T , the main lobe of the Skipper readout system moves

toward high frequencies when the pixel integration time is

increased by including more samples in the average process.

In other words, low frequency noise rejection is achieved and

the 1/f limitation is removed. Although in theory there is
no imitation in RN reduction by increasing the number N of

averages samples, there is a practical limit imposed by some

losses in the charge transfer. However, in our experiments we

have not found significant degradation of the signal even when

sampling 300 times each pixel.

IV. EXPERIMENTAL RESULTS

In this section, the behavior of the noise-reduction technique

for the skipper readout system is studied to achieve sub-

electron RN levels. This extremely low background noise is

not only of interest p e r se , but also of paramount importance

in certain applications: we show how this technology can be

used to reduce uncertainty in low energy X-ray detection in a

controlled X-ray detection experiment.

The readout system utilized in this experiment was origin-

ally developed for DECAM project (Dark Energy Camera, [9],

[10]) at Fermilab and it was modified to handle the skipper

technology. The detector was tested at one of the Fermilab’s

laboratories (Fermi National Accelerator Laboratory, USA).

The CCD was installed in an aluminum dewar and it was run

at 143 !K to avoid dark current generation. Each pixel was

read with an integration time of T = 5.5 µs.

A. Back g roun d n oise m easure m e n ts

As stated in Section III-B, the RN level can be reduced

by increasing the number N of samples taken from each

Figure 8. Background pixel histograms from Skipper CCD images for
different number of samples per pixel.

pixel. A series of measurements with the imaging area of

the CCD blocked were performed to measure the background

noise of the CCD. This test is useful to determine the number

of samples N required for obtaining sub-electron RN levels.

Fig. 7 shows the noise in electrons (e") as a function of the
number N of samples averaged for each pixel. The continuous

line depicts the RN noise measured from the images, and

the dashed line is the theoretical white noise reduction fitted

for those points: clearly the RN reduction follows the white

noise tendency. The differences are caused by 1/f and other
correlated noise components present in the video signal.

The figure reveals that sub-electron RN can obtained for

N = 64 and a RN = 0.6e" is achieved when averaging N =

200 samples. The same results are depicted in a more intuitive

way using histograms in Fig. 8. The width of the Gaussian

distribution is greatly reduced by the averaging of samples,

and for N = 200 all the RN values are practically contained

within the 2e" segment allowing for very low signal detection.

B. X-ray exp erim e n t

To verify the skipper functionality for low RN applications,

it was applied to reduce uncertainty in low energy X-ray detec-

tion in a controlled X-ray detection experiment. Jointly with

the detector a Fe55 X-ray source was installed in the dewar

for gain measurements. The Fe55 X-ray source produces two

different energy rays: 5832 eV and 6412 eV. The first event

is seven times more frequent than the second, and its more

probable interaction produces 1620 electrons per pixel. In a

secondary interaction the x-ray excites a silicon atom in the

CCD that emits a new x-ray of 283 eV that is collected by

other silicon atom generally in a different pixel. This ray

produce 78 e!. Due to its low energy, the skipper CCD

multiple-sample technique allows for a much cleaner image

of the x-ray against a low noise background image.

V. CONCLUSIONS

A readout technique for sub-electron noise level measure-

ments was devised for a new type of CCD imager suitable

It works! 
Last week we got to 0.2e- RMS with 800 samples

Thursday, May 5, 2011



Sub-electron readout noise : Future

• Two possibilities for getting less than 1e- of noise in 
the CCD, publish and implement them in experiments.

• digital filtering : we need to make this more practical for 
reading out large CCDs. We have to integrate this in the CCD 
controller. Then we could use this for a spectrograph or a low 
background experiment.

• skipper : the detector is working, but we need to build preamp 
boards, flex circuits and packaging to get it ready for a low 
background experiment.

Thursday, May 5, 2011
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➡ sub-electron noise CCDs
➡ fast readout for multichannel CCDs
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➡ low background applications

Thursday, May 5, 2011



fast readout for multichannel CCDs

• FNAL has participated in a couple of very important astronomical 
survey: SDSS and now DES. The next step here is imagers with 
more detectors and faster readout. The best example of this is 
LSST.

• For the detectors the main challenge is fast readout (500 kpix/
sec) and still keep a low readout noise.

Thursday, May 5, 2011



fast readout for multichannel CCDs : results

another new detector from 
LBNL. 12 amplifiers per side 
each side  0.5 Mpix per amp
 

•Modified DECam prototype hardware to 
accommodate this detector.

•Invited an student from Madrid to work on 
optimizing the readout for this CCD.  We set as 
a goal the LSST requirements for the detector.

 

goal

We were able to achieve the goal.  
Performance is better than what other 
LSST detector candidates have achieved 
at 500 kpix/sec.

 

Thursday, May 5, 2011



fast readout for multichannel CCDs : future

• ...thought that showing that this detector met the most challenging LSST spec 
was enough to convince the camera team to use the LBNL CCDs and the FNAL 
package for their instrument. I did not work that way.

• This is an interesting detector for other astronomical projects. Any camera with 
fast readout time would benefit from this CCD.

• The detector is also interesting as a particle tracker (test beam pushed by David 
Christian). Large format CCD with fast readout with electronic gate.

• what we want to do next:

• get a detector with good optical quality and complete a detail characterization 
of the device. 

• study the performance of LSST CCD with this readout system

Thursday, May 5, 2011



research lines

➡ sub-electron noise CCDs
➡ fast readout for multichannel CCDs
➡ neutron imaging
➡ low background applications
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key tool for Basic Energy Science!

neutron imaging : why bother with this?
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neutron imaging : state of the art
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bCCD

the CCDs would allow us to achieve micron level resolution
and at the same time 1 frame per second....

neutron imaging : state of the art
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neutron imaging : results and near future

 1 

    

Abstract—Thin film coated semiconductor detectors have been 

studied and used as neutron detectors for decades. 

Unfortunately, with front-irradiated devices, the basic design 

limits the thermal neutron detection efficiency to only 3.95% for 
10B-coated devices and only 4.3% for 6LiF-coated devices. 

Presented in the following work are several straightforward 

methods to increase the thermal neutron detection efficiency for 

thin-film-coated semiconductor thermal neutron detectors.  

 

INTRODUCTION 

Thin-film-coated semiconductor devices have been 

investigated for thermal neutron detection by a variety of 

research groups [1-7], all of which have generally used 
10

B, 
6
Li, 

6
LiF, and Gd coatings as the neutron reactive layer. Each 

has advantages and disadvantages regarding neutron detection 

efficiency and background gamma ray discrimination.  

I. BACKGROUND AND THEORETICAL CONSIDERATIONS 

Since neutrons hold no electronic charge, methods used to 

recognize neutron interactions within a detector generally rely 

on second-order effects.  Two very common neutron 

interactions that are used for a variety of thermal neutron 

detectors are the 
10

B(n,!)
7
Li reaction and the 

6
Li(n,!)

3
H 

reaction [1,2,4,7,8]. The 
10

B(n,!)
7
Li reaction results in the 

following reaction products [9]: 
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which are released in opposite directions when thermal 

neutrons (0.0259 eV) are absorbed by 
10

B. After absorption, 

94% of the reactions leave the 
7
Li ion in its first excited state, 

which rapidly de-excites to the ground state (~10
-13

 seconds) 

by releasing a 480 keV gamma ray. The remaining 6% of the 

reactions result in the 
7
Li ion going directly to its ground 

state. The microscopic thermal neutron absorption cross 

section is 3840 barns. Additionally, the microscopic thermal 

neutron absorption cross section decreases with increasing 

neutron energy, with a dependence proportional to the inverse 

of the neutron velocity (1/v) over much of the energy range 

[10,11].  

 The 
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Li(n,!)

3
H reaction results in the following products 
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which again are oppositely directed if the neutron energy is 

sufficiently small. The microscopic thermal neutron (0.0259 

eV) absorption cross section is 940 barns. The thermal 

neutron absorption cross section also demonstrates a 1/v 

dependence, except at a salient resonance above 100 keV, in 

which the absorption cross section surpasses that of 
10

B for 

energies between approximately 150 keV to 300 keV [10,11].  
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Fig.1. The fundamental approach to a thin-film-coated semiconductor 

neutron detector. The film thickness should not exceed the maximum range 

of the “long range” reaction product.  The reaction products are emitted in 

opposite directions.  
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Abstract—Thin film coated semiconductor detectors have been 

studied and used as neutron detectors for decades. 

Unfortunately, with front-irradiated devices, the basic design 

limits the thermal neutron detection efficiency to only 3.95% for 
10B-coated devices and only 4.3% for 6LiF-coated devices. 

Presented in the following work are several straightforward 

methods to increase the thermal neutron detection efficiency for 

thin-film-coated semiconductor thermal neutron detectors.  

 

INTRODUCTION 

Thin-film-coated semiconductor devices have been 

investigated for thermal neutron detection by a variety of 

research groups [1-7], all of which have generally used 
10

B, 
6
Li, 

6
LiF, and Gd coatings as the neutron reactive layer. Each 

has advantages and disadvantages regarding neutron detection 

efficiency and background gamma ray discrimination.  

I. BACKGROUND AND THEORETICAL CONSIDERATIONS 

Since neutrons hold no electronic charge, methods used to 

recognize neutron interactions within a detector generally rely 

on second-order effects.  Two very common neutron 

interactions that are used for a variety of thermal neutron 

detectors are the 
10

B(n,!)
7
Li reaction and the 

6
Li(n,!)

3
H 

reaction [1,2,4,7,8]. The 
10

B(n,!)
7
Li reaction results in the 

following reaction products [9]: 
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our scheme... • Borated film close to the CCD 
surface will produce an alpha particle 
when it sees a thermal neutron. 

• Due to the high-resolution pixels of 
the CCD, we can locate the alphas with 
a precision of the order of 1 micron.
 

due to plasma effect alphas are very easy to 
distinguish in a CCD image. Here compared with X-
rays.
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neutron imaging : proof of principle

borated film in from of CCD
and Cf-252 source with poly to 
get thermal neutrons
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resolution due to large distance 
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neutron imaging : longer term plans

next:  yesterday got from ANL a new ceramic plate that will put the borated surface ~5um from 
the CCD.  We will try again with the Cf-252 source and should get much better resolution.

need beam:  the Cf-252 source is not the best beam. We need a real beam of collimated low 
energy neutrons. Our collaborators in Argentina have an experimental reactor with an imaging 
beam available for us starting in September 2011.  Vic Scarpine is trying to set up a thermal 
neutron beam in the neutron therapy facility.

borated CCD: we plan to investigate the possibility of depositing the boron directly on the 
CCD (and still have a working CCD at the end).
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research lines

➡ sub-electron noise CCDs
➡ fast readout for multichannel CCDs
➡ neutron imaging
➡ low background applications
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low background applications

• 7.2 eV noise   ➪   low threshod     (~0.036 keVee)
• 250 μm thick ➪   reasonable mass (a few grams detector)

using DECam CCDs and electronics

 
electrons      

muons

 diffusion limited hits
as expected from nuclear recoils 
(DM, neutrinos, neutrons)

Thursday, May 5, 2011



low background applications 

T987 : 
first version at NuMI  near detector in 2009
second version at NuMI in near detector 2010

low background CCD 
package.

copper dewar with lead shield
One application: Direct Dark Matter Detection 

with CCDs (DAMIC) with 40 eV threshold.
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low mass DM is very interesting these days
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low background applications : future

DAMIC:

benefited from the CCD R&D, now we are at a point where we would like to do a 
real experiment using demonstrated technology. Build a detector with a few CCDs 
and take it to a deep underground site (with low cosmogenic neutron background).

Plan:

> currently designing the new detector with ~10 grams
> plan to build it and test at FNAL before the end of the year
> move to deep site early next year and run for 1 year (3.5 kg-day @ 40 eV thr)

> we have to perform the calibration (efficiency and energy) for low energy nuclear 
recoils
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low background applications : future

Neutrino Detection with CCD:

A detector for nuclear recoils with a low threshold could be used for detection of 
neutrino coherent scattering. This process is predicted by the standard model with a 
very large cross section, but not detected because of the lack of appropriate 
technology. 

We want to investigate this possibility by installing skipper CCDs next to a reactor.

now in negotiations on how to use 
this reactor in Brazil.

still a detector R&D project, success could open the door for a wide new set of low 
energy neutrino experiments. Maybe even some useful application (reactor monitoring). 
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infrastructure + people
➡ equipment and expertise at FNAL
➡ collaborators outside FNAL
➡ sources of funding
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equipment at FNAL

• CCD lab to test up to 4 CCDs independently at the same time 
with LN2 cooling (SiDet)

• optical equipment for full characterization of CCDs from 400nm to 
1080nm (SiDet)

• 7 CCD controllers (MONSOON + LEACH)
• 2 cold boxes for running detectors at -40C
• “T” with cryocooler currently used for neutron imager
• Multi-CCD test vessel (can operate a focal plane of up to 72CCDs)
• 100+ engineering package CCDs from DECam available for test.

• most of it belongs to DECam but now that construction is finished 
is available for other things (at least until we start with the 
DECam upgrade).
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expertise at FNAL

• electronic engineering group in PPD (T.Shaw) that built the CCD 
electronics for DECam and several components of the R&D effort.

• electronic engineering group in CD (G. Cancelo) contributing to the 
R&D efforts.

• mechanical engineers in PPD (H. Cease and G. Derylo) who have 
build DECam and the CCD R&D systems. This includes the design 
of the cooling system, vacuum vessels and packaging for the 
detectors.

• Wire bonding and packaging experts from PPD with extensive 
experience developed during DECam construction.

• technicians with extensive experience operating CCD test stations
• Donna Kubik from PPD (the only person that I know that has 

tested +300 CCDs)
• several software experts for CCD controllers
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expertise at FNAL

• electronic engineering group in PPD (T.Shaw) that built the CCD 
electronics for DECam and several components of the R&D effort.

• electronic engineering group in CD (G. Cancelo) contributing to the 
R&D efforts.

• mechanical engineers in PPD (H. Cease and G. Derylo) who have 
build DECam and the CCD R&D systems. This includes the design 
of the cooling system, vacuum vessels and packaging for the 
detectors.

• Wire bonding and packaging experts from PPD with extensive 
experience developed during DECam construction.

• technicians with extensive experience operating CCD test stations
• Donna Kubik from PPD (the only person that I know that has 

tested +300 CCDs)
• several software experts for CCD controllers

we have the team and the equipment at FNAL to do anything 
with CCDs, and to do it as least as well as anyone else.
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collaborators outside FNAL

• LBNL
• established excellent relation during DECam
• now benefiting from that relation and getting new R&D detectors 

from them
• essential partner in this effort

• BNL
• they are in charge of the LSST CCD effort
• they are interested in some of our capabilities
• hope to quickly establish a productive working relation

• Brazil: very interested in the nuCCD project (H.daMotta, CBPF)
• Mexico: interested in building their own low background experiment 

with 100 CCDs (C.D’Olivo, UNAM). 
• Paraguay: DAMIC collaborator from very early (J.Molina + students, 

UNP)
• Argentina: collaborators in the neutron imager, interested in getting 

the imager installed in their experimental reactor (J.Blonstein, 
Instituto Balseiro)
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additional funding

• Dark Energy R&D : Grant for which Tom Diehl is the PI. Used for 
equipment for low noise experiments, high-res spectroscopy and 1/2 
Ph.D. student.

• PECASE : Support for equipment for low background experiments and 
travel (DAMIC + nuCCD)

• CONICET, Argentina : 1/2 Ph.D. student
• Paraguay : Support for annual visit from Jorge Molina

• in planning:
• Argentina (Raices) : proposal submitted for some money for 

collaboration on readout electronics (C. Cancelo + collaborators).
• Brazil : support for operations in the reactor
• Mexico : equipment for low background experiment
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conclusion

• Thanks to a big investment in equipment and training done by the 
DECam project, now FNAL is in a good situation to do significant R&D 
with CCDs.

• Good relation with LBNL is key ingredient of this.

• I think we should make use of this opportunity, but we can only do 
tit if we have a way of supporting the equipment and facilities that 
we have now (CCD lab). In the future they could become production 
facilities again when we start a new big project (DESpec, LSST).

• I hope that I have convinced you that we have a very exciting R&D 
program that could have significant impact in DM, neutrinos, imaging, 
spectroscopy. 

• We would benefit from more scientist working on this
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